Barium titanium oxide, which is tetragonal at room temperature, changes about 120° C to a cubic structure. This change has been followed in detail by means of X-ray powder photo graphs taken in a 19 cm. powder camera at intervals of a few degrees over a range covering the transition point.
shows this structure. I t consists of a network of Ti0 6 octahedra linked through each corner with their neighbours, the Ba ions being accommodated in the large central holes of the network, where they are surrounded by twelve oxygens. Recently it has been shown (Megaw 1945; Rooksby 1945 ) th a t BaTi0 3 is not strictly cubic a t room temperature, but tetragonal; the atomic parameters remain unchanged,* but the whole unit cell is uniformly stretched about 1 % in the direction of one of the cube edges, which becomes the c axis.
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Measurements made in the Material Research Laboratory of Philips Lamps, Ltd., of the variation of dielectric constant with temperature (Rushman & Strivens, 1946) showed a curve of the type recently described by Wul & Goldman (1945a; Wul 1945) , with a conspicuous peak a t about 120° C, and this immediately suggested th at a change of structure might be involved. Investigations were accordingly made using a high-temperature camera in which the specimen could be examined over this temperature range.
I t was found th a t the tetragonal form did in fact change its structure a t about this temperature, inverting to the ideal cubic form described above; further, th a t the transition involved no discontinuous change either of spacing or of axial ratio. The detailed course of the temperature variation of spacing and of axial ratio was followed, and will be described below. In addition, there were certain peculiarities observed in the intensities of the X-ray lines, which will be discussed.
The curve of the variation of dielectric constant with temperature shows also a subsidiary peak at about 0° C. This suggested th a t it would be of interest to study the structure below 0° C. No accurately controllable low-temperature camera was available, and the experiments done were of the nature of a preliminary exploration only. While no change of structure was found at the lowest tem pera ture reached (about -183° C), there were changes of axial ratio which suggested th at a t a still lower temperature the structure might revert to cubic; and there were also intensity anomalies resembling those associated with the high-temperature transition.
The small amount of silica present in the material, as described below, whether it forms a solid solution or occurs as a separate phase, does not seem to have any im portant effect on the temperature changes, but further confirmation of this point would be desirable.
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H ig h -T E M P E R A T U R E T R A N S IT IO N

Experimental
The high-temperature camera used was that designed by A. J. C. Wilson (1941) . I t is a 19 cm. powder camera, with an oven surrounding the specimen, which can be kept a t an accurately controlled temperature while the photograph is being taken.
The specimen was made from a sample of BaTiOa containing T 5 % silica, fired at 1300° C to form a sintered disk. From this a piece was cut, ground and etched to give a rod about 2 cm. long and 1 mm. in diameter. This was mounted on the axis of the camera and rotated during exposure.
Copper radiation from a demountable tube was used, with a nickel filter. E x posures were about 1^ hr.
Photographs were taken at 20° intervals from 100° to 200° C, and at 2° intervals in the neighbourhood of the transition point, as well as at room temperature. The temperature of the specimen could be controlled to within |° C, and explorations with a thermocouple showed th at temperature differences in the air space sur rounding the specimen did not exceed this.
The photographs were measured with a comparator reading to 0-01 mm., and a modified Bradley-Jay extrapolation (Megaw 19466) was carried out to determine the cell-dimensions and axial ratio.
Interpretation of photographs
Photographs taken at different temperatures are shown in figure 2, plate 5. The high-angle lines are most important for the evaluation of cell-constants, and the others may be ignored. The cubic structure gives a set of doublets formed by reflexion from the same plane of the two wave-lengths ctx and a 2. In the tetragonal structure each doublet is split into a set of partly overlapping doublets. The com ponents of the highest-angle group, th at with 2 = 26, are tabulated 
Results
I t can be seen from figure 2, plate 5, how the fines of the tetragonal structure close together with increasing temperature, and finally coalesce in the cubic structure. This gives a measure of the decreasing axial ratio, which finally becomes unity. At the same time there are changes in the relative intensities of the fines. These will be discussed later; but here it may be noted th a t they make accurate determinations of the axial ratio near the transition point very difficult. Lines characteristic of the tetragonal structure have been observed up to 118° C, and may possibly be present a t 120° C. Above this, only cubic fines can be detected.
The cell dimensions a t the different temperatures are given in table 2. The last column gives the cell edge of those structures which are actually cubic, and the cor responding mean spacing, or cube-root of the volume, of the tetragonal structures. These spacings have been plotted against the temperature in figure 3. The non-linear variation even below 116° C is apparent. Above this, between 116° and 130° C, the exact course of the curve is more uncertain. The full fine represents its most probable course, which is not very different from its lower possible lim it; its upper limit is given by the dotted fine. Above 130° C the change of spacing is linear with temperature, within experimental error. The mean spacing of the tetragonal structure has been plotted against tem perature in the same figure. I t is noteworthy th at the slope of the line is appreci ably different from th at of the cubic structure above 130° C, though of the same order of magnitude. In other words, the volume expansion coefficient, a constant for each structure over the temperature range studied, changes with the change of structure. The linear thermal expansion coefficients in the a and c directions have been calculated from the slopes of the corresponding curves in figure 3 , and plotted against the temperature in figure 4. These are necessarily very sensitive to the particular way in which the spacing/temperature curve is drawn through the experimental points, and can only be relied on as far as their general trend is concerned. They do, however, show a t a glance how the coefficients are nearly constant at room temperature and increase rapidly in numerical value towards the transition temperature. W hether the region about 120° C should be occupied by a discontinuity or by a sharp peak cannot be determined on the available evidence; it depends on the exact shape selected for the spacing/temperature curve between its possible limits. The fact th a t the c expansion, which is negative in sign, shows the same sharp increase in numerical value as the a expansion, which is positive, rather suggests th at there is a discontinuity in both at the transition temperature.
The axial ratio is plotted against temperature in figure 5 . Here again the most probable curve has been drawn with a full line, the upper limit with a dotted fine.
Intensity anomalies
In a perfect lattice, the relative intensities are determined by the geometry of the lattice, the atomic parameters, and the atomic form-factors or /-values of the atoms. For B aTi03 with its atoms in the special positions quoted above there are no atomic parameters which can vary with temperature. The/-values, which include the effect of thermal vibrations, are of course temperature-dependent; but changes in these, even relative changes as between the different atoms, will affect all the lines of a single group in the same way and to much the same extent, except in so far as the changes are anisotropic-an im portant exception which must be con sidered more fully later. The correction factor for polarization which has to be applied to the observed intensities may be neglected, since this varies continuously with 6, and the differences of 6 within a group are small. Thus, unless aniso tropic thermal vibrations are involved, the relative intensities within a group are practically independent of the temperature and of the axial ratio. In table 1 they are given for the high-angle lines which are of interest. They will be referred to as the 'normal intensities'.
Intensities were observed visually in the first instance. The observed intensities at room temperature agreed with the calculated, but a t higher temperatures abnormalities were noticed, which fell into groups as follows:
(а) Lines of high l index became progressively weaker relative to other fines with the same h2 + k2 + l2 when the transition temperature was approache appeared first, and was most marked, with fine 105, but could also be seen with 314 and with 224.
(б) At temperatures within a few degrees of the transition, fine 413 began to assume prominence, and increased in strength relative to the fines on either side of it till the transition temperature was reached.
(c) Near the transition point there was also a very marked increase in the background in the immediate neighbourhood of the fines.
Photometric measurements of the photographs were made, and confirmed these observations. The curves are shown in figure 6a-/, after subtraction of background; in drawing these, the ordinates were chosen to give all the same area, for convenient comparison, as the experimental intensity scale is arbitrary and not comparable between different photographs.
The decrease of distance between the peaks with increase of temperature is obvious and accounts for some of the diminution of importance of individual peaks. There is, however, a very striking increase of intensity of the 413 peak in the 116° C photograph, where it actually exceeds the 431 + 501 + 510 peak, hitherto strongest. This process is carried progressively further a t 117° and 118° C.
To show up the same points more emphatically, a set of theoretical intensity curves was constructed for a normal tetragonal lattice with different axial ratios, and each matched against the experimental curve with the same axial ratio. For constructing such a theoretical curve, it was assumed to consist of a set of over lapping < xxa2 doublets, each of the shape of the doublet a t 200° C, where th structure is undoubtedly cubic. (Theoretically this doublet should be rather less sharp than at lower temperatures, but the difference is likely to be negligible for present purposes.) The ordinates of these doublets, each placed at its appropriate angle, were added to give the complete tetragonal curve. Figure 7 shows the results at 20°, 100° and 116° C. At 20° C the fit is good; the slightly greater sharpness of the experimental curve on the right-hand side probably comes within the limits of error. At 100° C the fit is reasonable, but the experimental 105 peak is lower than the theoretical, the experimental 413 peak higher. At 116° C the experimental 413 peak is very much too high, and the 105 and 314 peaks are smoothed out against a high general intensity covering their expected positions.
Such a change in the relative intensities is geometrically impossible in a perfect lattice, and it requires for its explanation either lattice imperfections of some kind or the co-existence of two structures in varying proportions. The two effects, enhancement of the 413 line and weakening of lines of high l, must be discussed separately. Intensity of the 413 peak While imperfections (using the term here to include thermal vibrations) may alter the relative intensities of different planes, the magnitude of the effect for any given plane will in general lie between the extreme values for the 001 and 100 planes, and in no case can be very much greater than for one of these. B ut the experi mental fact here shows th a t 413 increases very greatly relative to both 105 (lying nearly parallel to 001) and 431 (nearly perpendicular to 001). Hence one must fall back on the explanation that a second structure has appeared, giving a strong line in the same position as the tetragonal 413. This condition would be satisfied by a cubic structure of the same cell-volume as the tetragonal, since their 413 spacings differ by less than 0-01 %. Other lines of this cubic structure would coincide with the corresponding tetragonal lines, which a t the temperatures concerned are in any case unresolved single lines. Hence the observed intensity changes indicate the co-existence of a cubic and a tetragonal structure of the same cell-volume (or very nearly the same) over a temperature range of a few degrees near the ' transi tion po int', which thus loses its exact meaning. There is in effect a transition range.
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On this assumption, a theoretical intensity curve was constructed for 116° C, taking 25 % of the material as cubic and 75 % as tetragonal. This curve, shown in figure 7 (d) , is a much better approximation to the experimental curve than is the pure tetragonal. At 118° C, a reasonable fit is obtained with a curve constructed for 67 % of the material cubic.
As quantitative estimates of the proportions of cubic and tetragonal material these are of course very rough, but they do illustrate the point th a t the proportion of cubic increases with the temperature.
That the effect is reversible, and not merely due to slow changes produced when the specimen is held a t the high temperature, is shown by the fact th at photographs taken at 117° and 117-5° C, at a time subsequent to all the others, fit into inter mediate positions between the 116° and 118° C photographs.
Intensity of the 105 peak
In the above section, the working conclusion was reached th a t a cubic structure appears at some temperature below 120° C and gives a fine overlapping with the tetragonal 413 fine. This leaves for consideration the relative changes of the three remaining peaks, 105, 314 and 431 + 501 + 510.
Any imperfections affecting the distribution of scattering m atter in the c direc tion will have a maximum effect on reflexion from the 001 plane and zero effect on planes perpendicular to this. This type of imperfection will therefore affect 105, 314 and 431 in decreasing order of magnitude. This is in accordance with the experimental results, where the weakening of 105 is most marked while 314 is also noticeably weakened. In the next group of fines, weakening of 224 relative to 422 is also observable.
There is thus evidence of changes affecting the c but not the a direction as the crystal approaches the transition range. They occur to an appreciable extent at temperatures below those where any noticeable amount of cubic material is formed. Possible mechanisms for them will be discussed later.
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Low T E M P E R A T U R E C H A N G ES
Experimental
There was no camera ready available for low-temperature work, and circum stances limited what could be done to a quick general exploration.
A simple back-reflexion camera was used for most of the work. It was adapted so th at a cylindrical film-holder, of about 6 cm. diameter, could be mounted round the specimen; this enabled a complete powder pattern to be obtained. No pre cautions were taken for centring the specimen on the axis of the camera, and thus the photographs were not suitable for measurement; but this was irrelevant to the main point a t issue, as visual examination would suffice to tell whether the lowtem perature pattern was essentially the same as that a t room temperature.
For more detailed examination of the high-angle lines, a flat film was used in the back-reflexion holder, about 5 cm. from the specimen. A longer distance would have been preferable for increased accuracy, but would have prolonged the ex posure times inconveniently.
The film was wrapped in a black paper envelope. In front of it was placed a film which had been uniformly exposed to light and developed. This formed a thin silver screen which absorbed most of the incoherent secondary radiation scattered by the titanium atoms, while only increasing the exposure time by a factor of about 2.
Two different types of specimen were made, both using finely powdered material from a fired disk. In one, the powder was packed into a thin celluloid tube; in the other, it was mixed with gum tragacanth, moistened, and rolled into a rod. Both kinds were roughly 5 mm. long and from 0-5 to 1 mm. in diameter. They were stuck, either with gum tragacanth paste or by moistening the celluloid with ace tone, to a copper wire, which was coiled in a spiral about a knob in the bottom of a small Dewar cup, and secured in place by the same adhesive. The cup was mounted pn the rotating axis of the camera so th a t the X-ray beam just cleared its rim. The specimen could be centred on the axis of rotation by manipulating the copper wire. The arrangement is shown in figure 8. The low temperatures used were the fixed points given by solid carbon dioxide ( -78° C) and liquid oxygen ( -183° C). Several different methods of achieving these were tried.
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For -78° C, small lumps of solid C0 2 were fitted into the cup, which was filled with either methyl alcohol or acetone; the former was used with the celluloid tube, the latter with the gum-tragacanth rod. In both cases the specimen softened and bent slightly, but was not seriously displaced. The formation of ice crystals (hoar-frost) on the rim of the cup and on the specimen was prevented by washing these surfaces a t intervals with cold liquid from the cup, applied with a small paint-brush.
The p art of the specimen projecting above the cup will, of course, be at a tem perature rather above -78° C. However, the ready formation of ice on it, if it is left unwashed, indicates th a t it is well below 0° C; th a t it is reasonably constant throughout the exposure in the part of the specimen irradiated may be deduced from the internal evidence of the photographs, namely the sharpness of the individual spots. In all these photographs a stationary specimen was used.
For liquid air temperatures, one photograph was taken with a stationary specimen, the cup being kept replenished with liquid air. In another photograph, the specimen was rotated, and a continuous stream of liquid air allowed to trickle down it from a funnel with a narrowed stem. Only back-reflexion photographs were taken with liquid air.
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Results
Photographs taken on the cylindrical film a t room temperature and with solid C 02 showed essentially the same structure, giving the normal pattern for B aTi03. Close inspection, however, revealed small differences in the relative separations and intensities of high-angle lines, notably the group of lines with 26. This group was examined in more detail with the back-reflexion camera.
In these photographs it was not possible to identify the separate lines of the group with absolute certainty. The difficulty is not wholly due to the rather primi tive technique, but is partly inherent in the material. Low-temperature photo graphs with stationary specimens show individual spots about as sharp as those at room temperature (showing th a t variation of temperature during the exposure may be neglected) but the background of smaller spots is drawn out into a woolly band indicating a large amount of strain inhomogeneity. The same effect produces a blurring together of the lines in the photograph with the rotating specimen, in marked contrast to their good definition at room temperature. I t resembles the blurring noticed just below 120° C, though it is still more pronounced, and it is attributable to the same cause. Typical photographs are shown in figure 9 , plate 5.
In spite of this lack of clarity, two points stand out with certainty: (i) In all the low-temperature photographs the axial ratio is markedly less than at room temperature.
(ii) At C0 2 temperatures the intensity relations of the lines are abnormal. Measurement of the photographs gives the following estimate of the axial ratios:
With solid C0 2 c/a = 1-0085 ± 0-0010. With liquid air cja = 1-0030 ± 0-0020.
The intensity relationships with solid C0 2 may most probably be accounted for by assuming th at two effects are occurring simultaneously, as in the region of the high-temperature transition: (a) the co-existence of a cubic and a tetragonal structure, (6) a weakening of certain planes of the tetragonal structure relative to the rest, in this case the planes which he most nearly parallel to the tetrad axis. A similar interpretation seems compatible with the liquid air photograph, though the blurring renders it much less certain.
The decrease of axial ratio suggests the existence of a low-temperature transition 'point' below which the structure reverts to cubic. The anomalous intensities suggest th at this transition is of the same nature as the 120° change, though extended over a greater temperature range. Figure 10 shows the variation of axial ratio with temperature from -200° to + 200° C, a dotted line being used where its course is only roughly known. 
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D iscu ssion
The transition as a A change
The changes occurring at the transition point of BaTiOs are obviously co operative phenomena; the shape of the curves in figures 3 and 5 is th a t character istic of a thermodynamic change 'of the second order'. This phrase was originally introduced (Ehrenfest 1933) to describe transitions where the changes of energy and volume were zero but the specific heat and thermal expansion showed dis continuities or anomalous increases. Whether this definition can be slrictly upheld is now in question, and would prefer to use the expression 'continuous changes'. They are often called 'A-point phenomena' after the characteristic A-shaped curves for the specific heat and the thermal expansion. They include the order-disorder changes in alloys, ferromagnetism, the transitions in ammonium chloride, methane, Rochelle salt, potassium di-hydrogen phosphate, and the a-/? transition in quartz. Originally they were believed to occur without change of structure, but recent work has shown the change of structure accompanying the appearance of abnormal physical properties in Rochelle salt and K H 2P 0 4. A comparison of BaTi0 3 with these two compounds is likely to be particularly illuminating, since it, like them, must be classed as a ferroelectric. In some of the compounds mentioned, for example, methane, NH 4C1, and Rochelle salt, the transitions have been attributed to the setting in of rotation of certain molecules or ions, but this is by no means con clusively proved for any of them, and can certainly not be true for K H 2P 0 4, quartz, or BaTi0 3.
The present work brings forward no experimental evidence on the variation of the specific heat of BaTi0 3 with temperature, but it is said by Wul & Goldman (19456) to show 'an abrupt variation of the specific heat a t a temperature of about 125° C \* (On the other hand there is evidence from the work of Bantle (1942) on K D 2P 0 4, another ferroelectric, th a t the specific heat anomaly may be structuresensitive, and depend on the existence of sufficiently large Weiss domains.) The thermal expansion curves in figure 4 have the characteristic A shape. There is no detectable volume discontinuity, a fact which brings it within the original defini tion of a second-order change (which would exclude, for example, th a t in NH4C1). In this it closely resembles the a-/? transition in quartz, where X-ray examination of the spacings (Jay 1933) showed curves very similar to those of figure 3, except th a t for quartz both expansions are positive and the high-symmetry form is not cubic but uniaxial. In quartz, as in BaTi0 3, the linkage of the oxygen polyhedra remains unaltered throughout the transition, but in quartz they are able to tilt slightly from their high-symmetry positions, a possibility which in BaTi0 3 is incompatible with the retention of the small unit cell actually observed.
The double transition suggested for BaTi0 3 is paralleled by th at observed in Rochelle salt. In it the high-symmetry form (here orthorhombic) exists above 24-5° and below -20° C, and the monoclinic structure in the intervening range is derived from the orthorhombic by a very slight distortion (Ubbelohde & Wood ward 1946) . As in BaTi0 3 (Megaw i9'46a), the low-symmetry 'crystal' is an intimate twin of small regions oriented in certain specified directions relative to the original high-symmetry single crystal; and the change from single crystal to twin is reversible. The same effect has been studied in K H 2P 0 4 (de Quervain 1944; Ubbelohde & Woodward 1945 a, 6) , where the high-symmetry form is tetragonal. In both these the abnormal electrical properties are again associated with the low-symmetry range.
The co-existence of two forms over a finite temperature range has been observed in NH4C1, and the mechanism of the process has been very elegantly explained by Temperature changes in crystal structure of barium titanium oxide 275 Dinichert & Weigle (1944; . They suppose that, as the temperature rises, small regions of the high-temperature form which appear locally do not break away from the parent lattice, but produce local strains in their surroundings, which raise the transition temperature for the strained material. The different thermal expansions of the two phases then bring about the hysteresis which is character istic of the change. Such hysteresis has not been observed in BaTi0 3, bu t the experiments were not designed to detect it.
In BaTi0 3, a change involving expansion in the a direction and contraction in the c direction will be facilitated by anisotropic local stresses where compressive forces in the c direction predominate. Crystals subject to such forces will invert to cubic a t a lower temperature than those where the stresses are isotropic. Since, in a polycrystalline mass, there will be varying local stresses on the different crystallites, the structure change in the material as a whole will take place over a range of temperature, and will be reversible (though possibly with hysteresis) as long as the texture remains unchanged by recrystallization or crystal growth. Evidence of this reversibility has been obtained for (Ba, Sr)Ti0 3 (Megaw 1946a) , and less definitely for BaTi0 3 (unpublished observations). Calculations of the differential stresses required to produce a given change in the transition^ point of a crystallite have not been carried out, but, since the difference of volume between the two structures in the neighbourhood of the transition point is so small, the equilibrium temperature is likely to be very sensitive to such stresses. I t is inter esting in this connexion to notice th a t a dependence of dielectric constant on pressure has been observed by Wul & Vereshchagin (1945; Wul 19466 ).
I t is only possible to guess a t a mechanism which would explain the A-point. I am indebted to Dr Eisenschitz for the suggestion th at one possibility is the assumption of two quantum states for the titanium atom, which do not combine, and which are degenerate for cubic symmetry but split up for tetragonal; to allow for the attainm ent of equilibrium between the two phases, it must be postulated th a t combination between the two states can occur if the crystal symmetry is lower, as it may be momentarily and locally owing to thermal vibrations. The atomic transitions will in this case be quite independent of one another, and the co-operative character of the change as a whole is only achieved by the accom panying alteration in atomic positions; in this it differs from ferromagnetism, where the atomic transitions are themselves co-operative.
Another possible mechanism which might give a A-point is the existence of two equilibrium positions (one of them perhaps metastable) for one of the atoms. I t is necessary before discussing this to consider a little more fully the evidence for locating the Ti atoms at the 000 positions. Figure 11 shows a section of the structure in the (100) plane at height x -0. I t h structure has a centre of symmetry, as drawn in the figure; but if the centre were absent, displacement of atoms along the c axis would be permissible. I t has not been possible so far to obtain conclusive evidence from piezo-or pyro-electric tests. The agreement of calculated and (visually) observed intensities in the room-temperature structure shows th a t the displacements, a t least those of the cations, are not large, but does not rule them out completely. The abnormal steric conditions in BaTiOa, which will be discussed more fully in the next section, allow small displacements of the atoms lying on the tetrad axis to be made without bringing them closer together than the sum of the Goldschmidt radii. Displacements with a statistical distribution of plus and minus signs might not give rise to a noticeable piezo-electric effect, and yet would not require a larger unit cell.
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The Ti-0 distances in the c direction are 2-01 kX at room temperature, as com pared with l-96kX for the sum of the Goldschmidt radii. Thus either the Ti or the O atom may be displaced by as much as 0-05kX towards one of its neighbours ; but a t the same time the distance from its opposite neighbour is increased, so th at the move may result in a gain in energy of the lattice as a whole. However, there may be some displaced position which is metastable with respect to the sym metrical position, and the existence of two discrete energy levels could be used to account for the A-curve. I t is not necessary to assume th at any large number of the metastable positions are occupied at room temperature. This suggestion of a mechanism is only very tentative, but it seems compatible with the general properties of the structure.
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The tetragonal structure So far, no explanation of why the structure is tetragonal has been advanced. I t is generally accepted th at barium titanium oxide is an isodesmic compound (Evans 1938) , since the forces throughout the lattice are essentially of the same kind; the electrostatic bond strengths are all less than unity, having the values 2/12 and 4/6 respectively for the B a-0 and Ti-0 coordination polyhedra. I t is most naturally considered as an ionic structure, since it satisfies all the usual criteria for ionic structures, with one exception: the difficulty arises in explaining its tetragonal symmetry, since th at symmetry is intrinsic in the environment of each atom and is not merely caused by the geometrical building together of the co-ordination polyhedra.
The departure from cubic symmetry cannot be explained by purely steric considerations. In all cubic compounds of the type A2+B4+0 3 the cell-dimensions are determined by the network of linked B4+0 6 octahedra, the large cation accom modating itself in the space between the octahedra. If this cation is rather too small for the hole, as in CaTi0 3, it causes a collapse of the oxygen framework of such a kind th at the octahedra retain their dimensions and linkage but not their symmetrical orientation (Naray-Szabo 1943). BaTi0 3 is the unique example of a compound with a cation just too large for the available hole (Megaw 19466) . The oxygens round the Ti4+ ion are forced apart, leaving abnormally large Ti-0 dis tances, 1-99 and 2-01 kX in the a and c directions respectively, as compared with l-96kX for the sum of the Goldschmidt radii. The Ti ion can 'ra ttle ' in its oxygen octahedron. On purely steric grounds one might expect either the retention of a cubic lattice with all the distances equally too large, or the formation of a te tra gonal lattice in which some of the distances, say those in the (001) plane, remained normal; or possibly the occurrence of some quite different modification where by means of lowered symmetry or a larger cell the normal distances were achieved; but not a structure in which the distances are all abnormally large but different in the different directions.
Since it is thus impossible to account for the existing structure by means of purely central electrostatic forces, one is driven to postulate th at there are directed bonds determining the uniaxial symmetry. Accepting Pauling's view th at bonds may be partly covalent and partly ionic, it is only necessary to assume a small amount of this covalent character superimposed on a mainly ionic set of bonds in order to explain the phenomena observed.
Since the cell-edge a in the room-temperature structure is shorter than c, the bonds must lie in the (001) plane. I t is natural to assume th at they have a square formation in this plane.
Evidence for directed bonds
The only atom to which the directed bonds can be attributed with any plausi bility is the titanium. If the compound is strictly stoichiometric, we are concerned with TiIv. There is evidence th at this forms octahedral bonds in the compounds H. D. Megaw TiS2, TiSe2, TiTe2. Pauling & Huggins originally (1934) considered these bonds to be 3< Z 24s 4p 3, but later (1937, 1941) changed their opinion and concluded th a t they are 4s 4p 34(22, i.e. th a t they make use of the unstable d orbitals of the valence shell itself. Huggins states th a t these are more polar than the 3< 224,s4p3 bonds, and should predominate for bonds connecting a metal atom to very electro-negative atoms. These 4,s4p34d2 bonds have properties intermediate between truly ionic and truly covalent bonds; their relationship to the ionic makes more plausible their appearance in such a compound as BaTi0 3.
The Ti-0 distance which should be found with such bonds is given by the sum of the Pauling covalent radii as 2*02kX. Now, as pointed out above, it is an experimental fact th a t the Ti occupies an abnormally large volume for an ionic structure, the Ti-0 distances being 2-01 and l-99kX as compared with l-96kX for the interionic distance normally to be expected. The bond orbitals are very sensitive to distance; and it seems probable th a t this abnormally large volume may favour the formation of a covalent bond system which is associated with longer Ti-0 distances than the ionic. Because of this same sensitiveness, small changes in the interatomic distances due to thermal expansion may suffice to bring about the changes in the bond system which are needed to account for the change of structure.
There is no previous evidence whatever for the occurrence of square bonds with Ti, though they are of course well known for the transition elements. The square complex for TiIV may only be made possible by the very abnormal volume available to the atom.
On the other hand, it is possible th at BaTi0 3 is not stoichiometric, but contains a small number of Ti3+ with corresponding vacant oxygen sites. I t has not been possible to analyse the material with the necessary accuracy to test this. The large Ti volume would favour the occurrence of'Ti3+, which has a radius of 0-69A as compared with 0*64 for Ti4+.
Nothing is known about the covalent bond system of Tim. However, a different kind of bond postulated by Klemm (1939) to occur between cations with incom plete outer shells, attributable to anti-parallel spins, has been invoked by Ehrlich (1939) to explain the magnetic susceptibility of Ti0 2 on reduction. These bonds are not formed by Ti4+, but as soon as reduction has given rise to some Ti3+ bond formation is possible. If there are very few Ti3+ ions, they will be so widely separated th at the number of bonds is extremely small; as reduction increases the number of Ti3+'s, the proportion of bonds increases and the proportion of 'free' Ti3+'s drops. This accounts satisfactorily for the variation of paramagnetic susceptibility with the composition. The amount of reduction required to produce an appreciable number of bonds, while only a few per cent, is accompanied by very drastic colour changes.
If there is free Ti3+ in normal BaTi0 3 it should be shown by its paramagnetism, but so far no study of this is available. The colour of the material, which is typically pale yellow, does not suggest th at there is very much reduction.
Suggested explanation of the transition
W ithout making any detailed assumptions about the origin of the directed bonds, it is possible to use the idea to explain the temperature changes of structure. A system is postulated of directed bonds superimposed on a mainly ionic structure, and only making a small contribution to the lattice energy; it is further postulated th a t these directed bonds will tend to weaken or disappear a t high temperatures. To fit the experimental observations, it is assumed th a t a t low temperatures the direction of the bonds is octahedral, and th a t the breakdown of the system takes place in two steps, giving as an intermediate stage a square bond complex.
Consider first the high-temperature transition, which has been the more fully examined. The directed bonds in the room-temperature structure he entirely in the (001) plane, and as the temperature rises they break. There is no discontinuous change in lattice energy, and hence this disappearance of the directed bonds means a redistribution of the attractive potential, the loss in the p art attributable to directed bonds being compensated by a gain in the ionic part, which is effective in ah directions and thus tends to reduce the c spacing. This accounts for the abnormal linear expansions in the two directions, while the volume expansion remains roughly normal. I t also suggests an explanation for the change in mean linear expansion coefficient a t the transition po in t: the same temperature-increase of energy can bring about a greater increase of interatomic distance when acting against the purely ionic forces above the transition point than when it has to over come the stronger, partly covalent, forces below it.
At low temperatures the directed bonds coincide with the ionic, both being satisfied by a cubic structure. The low-temperature transition is brought about by the breaking of those directed bonds which lie in the c direction.
Origin of anomalous intensities
Consider now the anomalous intensity changes accompanying the transitions. For the high-temperature transition, this was shown to involve changes in the distribution of scattering m atter in the c direction but not in the a direction * while for the low-temperature transition it was concluded tentatively th a t the reverse was the case.
Displacements of either Ti or 0 atoms of the kind suggested earlier in the paper would bring about intensity changes in the right direction but of insufficient magnitude. For example, displacement of the Ti atoms by 0-05 A (the full amount allowed in the room-temperature structure by the Goldschmidt radii) would only reduce the intensity of the 105 fine by about 5 % ; and the distance available for such displacement becomes rapidly less with temperature, just over the region where the intensity differences increase most markedly.
There are four other possible explanations of the weakening of reflexions of high l.
(1) The amplitude of thermal vibrations parallel to the c-axis becomes very large.
(2) There is a random displacement in the c direction of individual atoms from their lattice positions.
(3) The single crystals may break up into small crystallites or 'islands' which are plate-like parallel to (001), their thickness perpendicular to this being small enough to lead to diffraction broadening.
(4) Individual crystals may show a range of c spacings brought about by local stresses, with consequent broadening of the 105 line. Since the stresses are likely to be roughly isotropic, this must imply th at the Young's modulus in the c direction is very much smaller than in the a direction (a not unreasonable supposition for a material where the two thermal expansions are of opposite sign).
These four mechanisms are not entirely distinct. The last three differ from one another chiefly in the size of the regions throughout which they require the c displacements to be of the same kind; even in (2) there must be some sort of local order. For individual crystals which are large enough to give discrete spots in photographs with a stationary specimen, they should, in their extreme forms, be distinguishable experimentally by the character of the distortion of spots on the 105 line a t a temperature just below the transition point. However, in practice the inhomogeneity in texture of the material masks this. All three effects may be operative, but to a different degree in each crystallite, depending in its size and the local stresses.
I t is possible to put forward a crude picture to show why the random displace ments postulated under (2) should be in the c direction a t the upper transition point. Suppose th a t there is originally a square network of a bonds, and th at one such bond is broken. The repulsive forces tend to make the atoms move farther apart, but they cannot move in the plane because of the rigidity of the which remains. However, there is only a very small component of the directed bond preventing their movement out of the plane, and as such movement is favoured by the increase in ionic attractive force in the c direction it accordingly takes place.
The occurrence of thermal vibrations of large amplitude would lead to much the same physical picture. These imply a weakened restoring force in the c direction, a result which would be expected from the breaking of the c-bonds. Since there is not room for large enough amplitudes to be achieved by individual atoms in dependently of their neighbours, the instantaneous description of the crystal would show some degree of order, as would also occur with static displacements. So far as the present work goes, both these possibilities remain open.
As increasingly large numbers of bonds are broken, a progressive crumpling-up of the (001) plane may ensue, in which the atoms are displaced, or vibrate, per pendicular to the plane with only local order; or the displacements within a given region may all be of the same kind, resulting in an island of tetragonal structure as under (3).
The existence of such islands has been shown by Bradley (1940) for certain Fe-Cu-Ni alloys cooled too quickly for equilibrium. In these, the equilibrium structure consists of two face-centred cubic phases with slightly different dimen sions. The partly quenched material contains islands sharing a common (001) plane with the parent structure, but having different axial ratios, 1*0095 and 0*992 in a typical example. These islands are platelets about 100 A thick in the c direction which have not yet broken away from the parent lattice to assume their own characteristic a-spacing. There is a similarity here to the mechanism postulated by Dinichert & Weigle (1944) for NH4C1. Owing to the thinness of these plates in the c direction, they show diffraction broadening for lines of high l, the 004 line being washed out completely against the background. The experimental evidence very closely resembles th a t for BaTiOa, except th at in the latter case there is only one tetragonal lattice involved, with an axial ratio greater than unity. There is, how ever, one im portant difference in the conditions: in the Fe-Cu-Ni alloy, the effect is essentially one of incomplete equilibrium, the partial separation having been 'frozen in ' by subsequent cooling, whereas in BaTiOa as in NH4C1 there appears to be a t least quasi-equilibrium.
For the low-temperature transition, any suggestions must remain very tentative, as the experimental evidence is so incomplete. However, a picture analogous to th a t for the high-temperature transition appears to be plausible. The breaking of the c-bonds increases the strength of the a-bonds. These will not allow movement out of the (001) plane, which would increase their length, but instead give local displacements in the plane, regions where the shorter spacing predominates alter nating with others where the c-bonds are unbroken and the a-bonds not shortened. This results in weakening of the hkO reflexions, while the 00Z are unaffected.
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